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We investigated the evolution of the Mekele Sedimentary Basin (MSB) in northern Ethiopia using
geologic ﬁeld and gravity data. The depth to Moho and lithospheric structure beneath the basin was
imaged using two-dimensional (2D) radially-averaged power spectral analysis, Lithoﬂex three-
dimensional (3D) forward and inverse modeling, and 2D forward modeling of the Bouguer gravity
anomalies. Previous studies proposed that the basin was formed as part of a multi-branched rift system
related to the breakup of Gondwana. Our results show that the MSB: (1) is circular to elliptical in map
view and saucer shaped in cross sectional view, (2) is ﬁlled with terrestrial and shallow marine sedi-
mentary rocks, (3) does not signiﬁcantly structurally control the sedimentation and the major faults are
post-depositional, (4) is characterized by a concentric gravity minima, (5) is underlain by an unstretched
crust (~40 km thick) and thicker lithosphere (~120 km thick). These features compare positively with a
group of basins known as IntraCONtinental Sags (ICONS), especially those ICONS formed over accre-
tionary orogenic terranes. Since the MSB is located above the Neoproterozoic accretionary orogenic
terranes of the Arabian-Nubian Shield (ANS), we propose that the formation of the MSB to be related to
cooling and thickening of a juvenile sub-continental lithospheric mantle beneath the ANS, which most
probably provided negative buoyancy, and hence subsidence in the MSB, leading to its formation as an
ICONS. The MSB could be used as an outcrop analog for information about the internal facies architecture
of ICONS because it is completely exhumed due to tectonic uplift on the western ﬂank of the Afar
Depression.
© 2018 Elsevier Ltd. All rights reserved.1. Introduction
Sedimentary basins are regions of a prolonged subsidence his-
tory of the Earth's surface. Present basin formationmechanisms are
predominantly linked to plate tectonics processes in which hori-
zontal forces are thought to be the primary cause for the formation
of negative topography needed for sediment accommodation (e.g.,
Kingston et al., 1983a; b; Busby et al., 1995; Allen and Allen, 2005).
Mechanisms for the formation of sedimentary basins are broadly
divided into those causing rift basins through lithospheric
stretching followed by thermal subsidence, pull-apart basinsu (M.G. Abdelsalam).related to transtensional faulting or those producing foreland ba-
sins through lithospheric ﬂexure caused by tectonic loading (e.g.,
Busby et al., 1995). This linkage of a sedimentary basin's develop-
ment with plate tectonics explains the formation of many of them
except a group of basins that are referred to as ‘cratonic basins’,
‘intracratonic basins’, or ‘interior sag basin’ (Sloss, 1963, 1988;
Burke, 1976; Klein and Hsui, 1987; Allen and Armitage, 2012) and
later abbreviated by Heine and Müller (2008) as ICONS in reference
to Intra-CONtinental basinS. Here, ICONS is used as an abbreviation
for Intra-CONtinental Sags.
The Paleozoic e Mesozoic Mekele Sedimentary Basin (MSB) in
the northern part of the Northwestern Ethiopian plateau at the
western ﬂank of the Afar Depression is ﬁlled with ~2 km thick
mixed clastic and carbonate sedimentary rocks overlying the
Neoproterozoic accretionary terranes of the Arabian-Nubian Shield
T. Alemu et al. / Journal of African Earth Sciences 143 (2018) 40e58 41represented by the crystalline basement (Figs. 1e3). It presents a
unique setting in which sedimentary formations and geological
structures that are potentially associated with an ICONS are
completely exposed. Other ICONS have remained buried due to
their formation within the stable part of the continent, away from
active plate boundaries. The basin covers ~8000 km2 and is boun-
ded to the north, west and south by Neoproterozoic crystalline
basement rocks and to the east by the Afar Depression which ex-
tends southward into the Main Ethiopian Rift (Figs. 1 and 2). It is
thought to have been part of a multi-branched rift system related to
the breakup of Gondwana (Bosellini et al., 1997). However, ﬁeld
observations, remote sensing and geophysical analysis suggest that
the geological and geophysical features of the MSB are not
consistent with its evolution as a rift basin.
Following studies by Sloss (1988), Leighton and Kolata (1990),
Hartley and Allen (1994), Heine et al. (2008), and Xie and Heller
(2009) the major geological and geophysical characteristics of
ICONS can be summarized as follows: (1) they are circular toFig. 1. (A) Location of Ethiopia in Eastern Africa. (B) Geological map of Ethiopia showing the
basins (Mekele, Blue Nile, Ogaden) overlying the Precambrian crystalline basement of the Aelliptical in map view and they are saucer-shaped in cross-sectional
view, (2) they are ﬁlled with continental and shallow marine
sediment, (3) they are located in the interior of lithospheric plates
isolated from deformation along plate boundaries, (4) they were
formed above cratons or Proterozoic or older accretionary orogenic
terranes, hence the name “cratonic basins” only refers to their
formation within the interior of stable continents, (5) they have a
long and slow subsidence history, (6) they show ‘Anomalous Tec-
tonic Subsidence (ATS)’ in reference to the subsidence that remains
unaccounted for after back-stripping, (7) they are characterized by
circular to elliptical and concentric gravity minima due to the
presence of thicker sedimentary sections towards the center of the
basins, and (8) they are underlain by largely un-stretched crust and
sub-continental lithospheric mantle (SCLM).
Various models have been proposed for the formation of ICONS
that advocated for subsidence due to vertical forces that could be
due to: (1) subsidence following erosion of thermally uplifted ter-
rains as suggested for the Michigan Basin (Sleep and Snell, 1976),major stratigraphic features including the three major Paleozoic-Mesozoic sedimentary
rabian e Nubian Shield. Modiﬁed after Tefera et al. (1996).
Fig. 2. (A) Shuttle Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of the Mekele Sedimentary Basin (MSB) with major NW-trending fault belts shown.(B) Three-
dimensional (3D) perspective view of the basin created by draping 3-2-1 Landsat Thematic Mapper (TM) image obtained from Google Earth onto the SRTM DEM.
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anorogenic granitic bodies as has been suggested for the Illinois,
Michigan, and Williston basins (Klein and Hsui, 1987), (3) crustal
and mantle phase changes from maﬁc composition to eclogite
causing it to become denser as proposed for the Michigan andWilliston basins (Ahern and Dikeou, 1989; Baird et al., 1995) and for
the Barents Basin in Russia (Artyushkov, 2005), (4) basaltic under-
plating and subsequent cooling causing negative buoyancy and
long subsidence without extending the lithosphere (Stel et al.,
1993), (5) subsidence associated with dynamic topography
Fig. 3. Geologic map of the Mekele Sedimentary Basin (MSB). Modiﬁed after Beyth (1972). Circled numbers denotes major NW-trending fault belts. 1¼Wukro. 2¼Mekele.
3¼ Chelekwat. 4¼ Fucea Mariam. Horizontal and vertical lines show the location of the cross-sections shown in Fig. 4. The pink arrow shows the location and direction of the ﬁeld
photograph in Fig. 5. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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downwelling zones (Gurnis, 1993; Heine et al., 2008) or due to the
presence of an unstable convective mantle as proposed for ICONS in
general (Hartley and Allen, 1994; Vyssotski et al., 2006; Downey
and Gurnis, 2009), (6) thermal contraction of a mantle plume as
proposed for the West Siberian Basin (Saunders et al., 2005;
Ritzmann and Faleide, 2009), (7) cooling and thickening following
lithospheric rejuvenation as suggested for the Williston basin
(Ahern and Ditmars, 1985) or of an initially thin and juvenile
accretionary lithosphere as suggested for the Ghadames and Al
Kufrah basins in northern Africa (Holt et al., 2010) and for the
Parana basin in Brazil, the Karoo basin in South Africa, the Arabian
Platform, the Scythian and Turan platforms in Central Asia, and
eastern Australia (Holt et al., 2015), and (8) erosion following lith-
ospheric thickening as proposed for ICONS in general (McKenzie
and Priestley, 2016).
In this study, we examine the spatial and temporal evolution of
the MSB as to whether it was formed as a rift basin or as ICONS
basin. First, we outline the general geological characteristics of the
MSB based on previously published geological data, remote sensing
observations, and ﬁeld study. Field study comprises stratigraphic
analysis, such as measurement of thickness and orientation of
sedimentary units, especially along the margins of the basin. These
data helped to constrain part of the geological cross sections shown
in Fig. 4. Bouguer gravity anomalies from the satellite-derived
World Gravity Model 2012 (WGM, 2012; Bonvalot et al., 2012) are
used to image the Moho beneath the MSB using a two-dimensional
(2D) radially-averaged power spectral analysis (will refer to here-
after as the “spectral analysis”), and the Lithoﬂex 3D forward and
inverse modeling. In addition, the Bouguer gravity anomaly was
used to examine the geometry and the lithospheric structure of the
basin through 2D forward gravity modeling. Using the above ana-
lyzes as constraints, the possibility that the MSB was formed as due
to cooling and thickening of an initially thin and juvenile SCLM of
the Arabian-Nubian Shield is examined.
2. The Mekele Sedimentary Basin (MSB)
The common theme underlying the limited number of studies
conducted in the MSB and surroundings was a consistent attempt
to explain the evolution of the basin in terms of a sea transgression
and regression event that ﬁlled NW-trending rift system (Levitte,
1970; Beyth, 1972; Bosellini et al., 1997). The NW-trending rift
system was considered to be part of the multi-branched Paleozoic
eMesozoic rift system developed as the product of the breakup of
Gondwana (Bosellini, 1989; Bosworth, 1992).
The MSB is ﬁlled with ~2 km Paleozoic e Mesozoic mixed
clastic-carbonate sedimentary rocks covering an area of
~8000 km2. It is underlain and surrounded to the north, west and
south by peneplained Neoproterozoic crystalline basement rocks
(Figs. 3e5). Early work by Levitte (1970) established the basic
stratigraphy of the basin as constituting Mesozoic sedimentary
formations resting on Neoproterozoic crystalline basement rocks.
Beyth (1972) published the ﬁrst complete map of the basin (Fig. 3)
and divided its sedimentary rocks into six lithostratigraphic units,
which have been subsequently reﬁned by other authors (Bosselini
et al., 1997; Bussert and Schrank, 2007; Dawit, 2010). The stratig-
raphy of the MSB includes the Neoproterozoic crystalline basement
rocks of the Arabian-Nubian Shield at the bottom unconformably
overlain by Paleozoic and Mesozoic sediment which in-turn are
overlain and intruded by scattered Tertiary volcanic rocks (Fig. 3).
2.1. The Neoproterozoic crystalline basement
The Neoproterozoic crystalline basement rocks of the Arabian-Nubian Shield are predominantly low-grade volcano-sedimentary
rocks intruded by syn-to post-deformation plutonic rocks. The
volcano-sedimentary rocks include metabasalt, meta-greywackes
and metabreccia, and other rocks such as black limestone, dia-
mictite, conglomerate, and dolomite. Syn-to post-deformation
Neoproterozoic plutons consist of granites, granodiorites, and di-
orites (Beyth, 1972).
2.2. The Paleozoic and Mesozoic sediments
Palaeozoic siliciclastic sediment form the oldest undeformed
sedimentary succession unconformably overlying the Neo-
proterozoic crystalline basement rocks. In northern Ethiopia, they
are subdivided in two unconformity bounded glaciogenic units, the
Enticho Sandstone and the Edaga Arbi Glacials. The Mesozoic
sediment comprise the bulk of the sedimentary package, and are
sub-divided into four formally and informally established forma-
tions. From the bottom, these formations are the Adigrat Sandstone,
the Antalo Limestone, the Agula Shale, and the Amba Aradam
Formation (Fig. 3).
2.2.1. The Enticho Sandstone
The Enticho Sandstone, ﬁrst recognized by Dow et al. (1971),
unconformably overlies the Neoproterozoic crystalline basement
rocks and has a thickness of up to 200m (Saxena and Assefa, 1983;
Dawit, 2010). Bussert and Dawit (2009) provide detailed facies
descriptions. The unit consists of a basal tillite, a lower glaciogenic
sandstone unit and an upper shallow marine sandstone unit.
Associatedwith the tillite are soft sediment deformation structures,
which may represent shallow marine push-moraine or grounding
line complexes (Dawit, 2010). The shallow marine unit comprises
well sorted sandstone with bipolar cross-bed sets and rhythmic
mud drapes suggesting a tide-dominated shallow marine deposi-
tional setting (Bussert and Dawit, 2009; Dawit, 2010; Bussert,
2014). The presence of Early Paleozoic trace fossils (e.g. Arthro-
phycus alleghaniensis) in the unit suggests an Upper Ordovician-
Early Silurian age (Bussert and Dawit, 2009).
2.2.2. The Edaga Arbi Glacials
The Edaga Arbi Glacials unconformably overlie the Enticho
Sandstone and, in places, lie directly on the Neoproterozoic crys-
talline basement rocks (Dow et al., 1971). Their thickness is
approximately 200m in northern Ethiopia, but signiﬁcant lateral
thickness variations occur (Bussert, 2010). Bussert and Dawit
(2009) and Bussert (2014) give detailed descriptions of the sedi-
ment facies. The Edaga Arbi Glacials consist of tillite at the base
overlain by laminated clay- and siltstones, which contain scattered
out-sized clasts and lenses of sandstone (Beyth, 1972; Bussert and
Dawit, 2009; Bussert, 2014). The presence of abundant drop-
stones and other erosional features indicate deposition in a glacial
setting, often in N-S oriented valleys most of which have incised
into the Neoproterozoic crystalline basement rocks. The unit con-
tains palynomorphs that provide CarboniferousePermian age
(Bussert and Schrank, 2007; Bussert, 2014).
2.2.3. The Adigrat Sandstone
The Adigrat Sandstone consists of up to 430m thick continental
to shallow-marine siliciclastic sediment (Blanford, 1869). Inter-
pretation of a depositional environment for this unit is controver-
sial as most previous studies (e.g., Assefa, 1991; Bosellini et al.,
1997) consider the Adigrat Sandstone as ﬂuviatile. However,
Dainelli (1943) and more recently Dawit (2010), after a detailed
investigation of the stratigraphy, sedimentary facies, depositional
environments and palynology of the ‘Adigrat Sandstone’ succession
in the Mekele Basin, documented a tide-dominated estuarine,
Fig. 4. Idealized N-S (AeD) and E-W (EeG) geologic sections across the Mekele Sedimentary Basin (MSB). The longitudes of the baseline of the N-S cross-sections are shown in the
lower left corners of the frames whereas the latitudes of the E-W cross-sections are shown on the upper right corners of the frames. See Fig. 3 for the location of the cross-sections.
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posits barrier-lagoon systems. Based on microﬂora, the Adigrat
Sandstone succession in the MSBwas assigned Late Triassic-Middle
Jurassic age (Dawit et al., 2009; Dawit, 2010).2.2.4. The Antalo Limestone
The Antalo Limestone is 690e740m thick and was ﬁrst named
by Blanford (1869). It has been considered by numerous re-
searchers (Levitte, 1970; Beyth, 1972; Merla et al., 1979; Bosellini
Fig. 5. Field photograph (looking northeast) of the western part of the Mekele Sedimentary Basin (MSB) showing the angular unconformity between the Paleozoic e Mesozoic
sedimentary rocks and the Neoproterozoic crystalline basement rocks. See Fig. 3 for the location of the photograph.
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Jurassic carbonate platform deposited on a homoclinal ramp sub-
jected to marine transgression. This unit is made up of limestones
interbedded with marls, shales and mudstones. It also consists of
abundant fossils such as, brachiopods, gastropods, echinoderms,
and small patches of corals and stromatoporoids.2.2.5. The Agula Shale
The Agula Shale is 60e250m thick and was ﬁrst identiﬁed by
Beyth (1972). It represents a predominantly shaley unit with
evaporitic rocks at the top, overlying the Antalo Limestone. It is
considered to be deposited following regression of the sea during
the Late Jurassic. Most of the Mekele Dolerite sills and dikes are
emplaced within this unit.2.2.6. The Amba Aradam Formation
The Amba Aradam Formation is 60e200m thick and was ﬁrst
named by Shumburo (1968). It is considered to be upper Cretaceous
and unconformably (angular in places) overlies the Agula Shale. It is
predominantly sandstone with siltstone and mudstone in-
tercalations. It is intensively lateralized inmost places (Beyth, 1972)
and is interpreted as being deposited in a ﬂuviatile setting based on
multiple point bar cycles (Bosellini et al., 1997).2.3. The Tertiary igneous rocks
In places, the sedimentary sequences within the MSB are over-
lain and intruded by Tertiary igneous rocks and intercalated inter-
trappean sediment (Fig. 3). These layered volcanic units are
remnant of the ﬂood basalt magmatism that was succeeded by the
domal uplift of the Ethiopian Plateau which gave rise to exhuma-
tion of the MSB and surrounding region combined with rift ﬂank
uplift in the western escarpment the Afar Depression. Abundant
sills and dikes commonly referred to as the ‘Mekele Dolorites’ were
emplaced predominantly within the Agula Shale (Arkin et al., 1971).
2.4. Basin evolution
From the Paleozoic to the Late Mesozoic, the zone of sediment
accumulation or the depocenter of the MSB appears to have
changed and consequently three sub-basins were identiﬁed by
Beyth (1972). These are: (1) The Enticho Sandstone sub-basin in the
northern and eastern part of the MSB. (2) A N-S trending sub-basin
ﬁlled with the Edaga Arbi Glacials. These depocenters were formed
by N-S oriented glacial incision into the Neoproterozoic crystalline
basement rocks during the Ordovician and Permo-Carboniferous
glaciation (Bussert, 2010). (3) The Adigrat-Antalo-Agula-Amba
Aradam sub-basin which contains Mesozoic sedimentary package
T. Alemu et al. / Journal of African Earth Sciences 143 (2018) 40e58 47mostly deposited due to sea transgression coming from the east
and south.
Regional correlationwith sedimentary basins in Ethiopia such as
the Blue Nile Basin (Russo et al., 1994) or the Ogaden Basin
(Hunegnaw et al., 1998) (Fig. 1) shows a similar stratigraphic
framework. Other studies (e.g., Hutchinson and Engels, 1972;
Bosellini et al., 1997), based on similarities in stratigraphy across
the Mesozoic basins of Yemen along the Red Sea coast, proposed a
possible spatial connection with the MSB. Worash and Valera
(2002) from a geochemical analysis of carbonate sequences iden-
tiﬁed major and rare earth element (REE) concentrations as indic-
ative of a more oxidized water in a shallow basin inﬂuenced by
clastic input from the surrounding Neoproterozoic crystalline
basement rocks, but also shows that REE concentrations could be
attributed to presence of localized restricted circulation.
Major structural components of the MSB are shown in Figs. 2A
and 3. In general, there are two sets of normal faults that affect
the basin. Stratigraphic relationship shows that both sets were
developed after the formation of the basin. The oldest set is NW-
trending and cuts through all formations including the Creta-
ceous Amba Aradam Formation which we interpret as a post-MSB
sequence. The NW-trending structures can be grouped into four
fault belts which essentially sub-divided the MSB into multiple
structural sub-basins. These are from northeast to southwest the
Wukro, the Mekele, the Chelekwat, and the Fucea Mariam fault
belts (Figs. 2A and 3). The youngest set is N-trending and this is
related to the rifting in the Afar Depression (Fig. 3). These faults are
parallel to the Neoproterozoic crystalline basement fabric (Fig. 3)
and it could be reactivation of this structure.
3. Data and methods
3.1. Satellite gravity data
The only available land gravity and magnetic data collected in
the MSB are E-W and N-S proﬁles (Gebreyesus et al., 2000). Since
the landscape is characterized by a steep and rugged topography
with few roads, collecting gravity data in a straight proﬁle is difﬁ-
cult, and hence the proﬁle has lateral variations of up to ~10 km
making 2D modeling difﬁcult. Therefore, we relied on the satellite
gravity data for our study which includes Bouguer gravity analysis,
spectral analysis, Lithoﬂex 3D inverse modeling, and 2D forward
modelling along N-S and E-W proﬁles.
There have been numerous worldwide gravity models that have
combined land, airborne, marine and satellite data. The Earth
Gravitational Model 2008 (EGM 2008; Pavlis et al., 2012) and the
WGM 2012 (Bonvalot et al., 2012) are among the most commonly
used gravity models. The WGM 2012 data improves on its prede-
cessor, the EGM 2008 model, which was developed from the inte-
gration of the Gravity Recovery And Climate Experiment (GRACE)
and gravity data derived from terrestrial, airborne and marine
surveys.
TheWGM 2012 data are used in this study as it provides a better
spatial resolution and comprises a more homogeneous global
gravity dataset (Balmino et al., 2011). This dataset is suitable for
mapping lithospheric-scale structure including depth to the Moho.
It uses a topographic correction based on the Global Topographic 30
arc second (GTOPO30) digital elevation model (Bonvalot et al.,
2012) to create Free-air, Bouguer and isostatic gravity anomaly
datasets. The Bouguer gravity anomalies of the study area is shown
in Fig. 6A.
3.2. Spectral analysis
The spectral analysis method is commonly used to map depthsto density interfaces (Spector and Grant, 1970; Tselentis et al., 1988)
and is used here to determine the depth to the crust/mantle
boundary. We use the Bouguer gravity anomalies in our analysis
(Fig. 6A). The power spectrummethod calculates spectra of a region
by transforming the data from the space domain into the time
domain via a Fourier transform. The most commonly used method
is to determine a spectral curve via a 2D radially-averaged power
spectral of a square region (Tselentis et al., 1988). The logarithm of
these spectral values are assumed to have a linear relationship with
thewavenumber (Mishra and Pedersen,1982; Tselentis et al., 1988).
Hence, plotting the natural logarithm of the power spectrumversus
the wavenumber results in a spectral graph where the linear seg-
ments will have slopes proportional to the depth to the top of the
density interface. Commonly, the spectral graph will have three
different slopes that can be broken into a lower, middle and upper
linear segments which corresponds to the mean depths of the
density interfaces (Fig. 7A). The lower segment represents a
shallow depth, the middle segment represents a moderate depth
and the upper segment represents a deeper depth (Tselentis et al.,
1988; Gomez-Ortiz et al., 2005). The depths that are determined
depend on the size of the area analyzed as Mickus and Hussein
(2016) showed that the area must be 2 to 3 times larger than the
depth to the interface.
The MSB only covers an area of about 80 km 100 km, but we
have produced a Bouguer gravity anomaly map covering a wider
area in order to determine the regional structure and to be able to
determine the depth to the crust/mantle boundary which could be
up to 40e45 km deep in the Northwestern Ethiopian Plateau. The
spectral methods are sensitive to noise and small-scale anomalies
in the data, so to remove these small-scale anomalies, the Bouguer
gravity anomaly data were upward continued to 2 km above the
Earth's surface (Fig. 7B). We then extracted 1  1
(111 km 111 km) square regions, with 50% overlap (in order to
reduce the edge effects) (Tselentis et al., 1988; Leseane et al., 2015;
Emishaw et al., 2017). For each of these regions, a 2D radially-
averaged power spectrum was calculated. From these spectra, the
linear segments were determined and this is subject to error, so the
Linest function present in Excel was used to calculate the linear
segments and to determine the statistical error in this determina-
tion. Conventionally, the largest density contrast within the litho-
sphere is assumed to correspond to the crust-mantle boundary (the
middle slope) if the region analyzed is large enough (Tselentis et al.,
1988; Tanaka et al., 1999). For instance, Fig. 7A shows a marked
change in slope at wave numbers of about 0.19 cycles/km and 0.3
cycles/km. For most of the curves, wave numbers ranging between
0.2 and 0.3 cycles/km were used to estimate the middle slope. The
error in the Moho depth estimation was calculated from the stan-
dard deviation of the slope of the best ﬁtting line for the middle
segments and was found to be between 0.4 and 2 km.
An example of the spectral curve of a sub-region in the south-
western portion of the MSB (Fig. 7B) is shown in Fig. 7A. The curve
has three distinct linear segments. However, in areas near the Afar
Depression, where the geology is complex and the density signiﬁ-
cantly varies horizontally over a short distance, mostly due to
extensive diking and faults, the spectral curves often showmultiple
sharp slope breaks (Fig. 7C). Hence, particular care was taken in
selecting the segment of the spectral curves representing the depth
to Moho in this region. The depth to Moho map of the MSB and
surroundings obtained from the spectral analysis is shown in
Fig. 8A.
3.3. Three-dimensional (3D) modeling
Approximate depths to the Moho can be obtained via 3D
modeling of Bouguer gravity anomalies (Ebbing et al., 2007). We
Fig. 6. (A) Bouguer gravity anomaly map of the Mekele Sedimentary Basin (MSB) extracted from the World Gravity Model 2012 (WGM 2012). (B) Five km upward continuation of
the Bouguer gravity anomalies. Horizontal and vertical black lines in Fig. 6A show the location of the E-W and N-S two-dimensional (2D) forward gravity models shown in Fig. 9A
and B, respectively.
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Fig. 7. (A) An example of the two-dimensional (2D) radially-averaged power spectral curve used to estimate the depth to Moho from the Bouguer gravity anomaly map of the World
Gravity Model 2012 (WGM 2012). The middle slope is taken as the approximate depth to the Moho calculated for a 10 10 (~110 110 km) sub-window from the southwestern part
of the Mekele Sedimentary Basin (MSB) as shown in Fig. 7B. (B) Two km upward continuation of the Bouguer gravity anomaly map with Moho depth estimates from the 2D radially-
averaged power spectral analysis. (C) An example of the 2D radially-averaged power spectral curve for a 1oX1o sub-region region within the Afar Depression as shown in Fig. 7B.
The spectral curve shows multiple sharp slope breaks.
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which is a multi-purpose algorithm that combines 3D forward and
inverse modeling to determine the depths to density interfaces and
investigates the isostatic state of a region. From the Bouguer gravity
anomalies of the WGM 2012, we determined the Moho topography
beneath the MSB. Lithoﬂex uses the Parker inverse method (Parker,1972) to determine the depth to a single density interface. First, the
algorithm determines the gravity anomalies due to a startingmodel
through forward and then iteratively ﬁnds the best ﬁtting interface
through an inverse calculation (Braitenberg et al., 2007).
The Bouguer gravity anomaly data are inputted in a grid format
and the input parameters include: First, as a starting depth, we used
Fig. 8. Crustal thickness estimates beneath the Mekele Sedimentary basin (MSB) and
surroundings from the Bouguer gravity anomaly map of World Gravity Map 2012
(WGM 2012) using: (A) two-dimensional (2D) radially-averaged power spectral anal-
ysis. (B) Lithoﬂex modeling. Numbers in yellow indicate depth obtained from broad-
band passive seismic receiver function analysis (Hammond et al., 2011). Horizontal and
vertical black lines in Fig. 8A show the location of the E-W and N-S 2D forward gravity
models shown in Fig. 9A and B, respectively. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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starting model was based on seismic studies that were primarily
focused on the Afar Depression as there are few studies in the
Northwestern Ethiopian Plateau (Dugda et al., 2005; Hammond
et al., 2011), and none of which are speciﬁcally focused on the
MSB. These studies, and additional gravity based inverse models
(Tiberi et al., 2005; Mammo, 2013) estimated a ~40 km to 45 km
deep Moho in the plateau region that tends to decrease to ~30 km
to 20 km towards the Afar Depression. We also extracted a crustal
thickness map from the global crustal thickness compilation of
Laske et al. (2013), and got an average 35 km deep Moho beneath
the plateau. Thus, the 35 km compensation depth preferred in this
model represents a mean depth of the Moho in this region. Second,
an approximate density contrast between the mantle and the crust
of 0.5 g/cm3 was assigned. The 2D seismic refraction modelling
across the Main Ethiopian Rift, which partly included the North-
western Ethiopian Plateau, found P-wave velocities between
6.0 km/s - 6.8 km/s and 8.1 km/s, respectively, for the crust and
upper mantle (Maguire et al., 2003; Mackenzie et al., 2005). These
velocities can be used to constrain the densities of the crust and
upper mantle based on the velocity/density relationships. These
relationships were applied to determine density contrasts of 0.4 g/
cm3 (Mammo, 2013) and 0.53 g/cm3 (Tiberi et al., 2005), with initial
Moho depths of 28 km and 30 km, respectively. We tested a com-
bination of density contrast values vs our initial compensation
depth (35 km), and have chosen a density contrast of 0.5 g/cm3 as a
reasonably acceptable value. Third, a 100 km cut-off wavelength,
which is a low-pass ﬁlter where high frequency features are
removed, was applied. As discussed above, for a depth of 35 km and
density contrast of 0.5 g/cm3 various Moho models were generated
using different cut-off wavelengths. The 100 km cut-off gave us a
realistic representation of the Moho depth based on the above
constraints.
Using the above parameters, a resultant depth to the Moho is
shown in Fig. 8B. In general, the highest elevation areas in the
Northwestern Ethiopian Plateau are underlain by a deeper Moho,
while areas in the Afar Depression are underlain by a shallow
Moho, showing an inverse topographic relationship. One aspect we
would like to caution is that in areas with complex geology such as
the study area, the use of a similar compensation depth and density
contrast values may potentially introduce uncertainties in the
derived Moho depths. However, we are interested in the regional
variations of the Moho depth and the model shown is one
acceptablemodel that agrees with the available seismic constraints.
Fig. 8B shows a topography change in the Moho depth as one goes
from the western MSB (the part of the basin that is in the North-
western Ethiopian Plateau) to the Afar Depression. These values
will be used as well as the results of the spectral analysis to better
constrain the Moho depth beneath the MSB in the 2D forward
gravity modelling (see below).
3.4. Two-dimensional (2D) forward modeling
To determine the general crustal and upper mantle structure of
the MSB region, two proﬁles (Fig. 9A and B) of the Bouguer gravity
anomalies were modeled using 2D forward modeling. Since we are
interested in the overall lithospheric structure, the detailed basin
stratigraphy and structure was not modeled. To obtain reasonable
models, constraints are needed and we used the crustal thickness
estimates obtained from the above spectral analysis (Fig. 8A) and
the 3D modeling (Fig. 8B) along with constraints from receiver
function studies (Hammond et al., 2011). Density values of the
sedimentary sequences were not available and there are no seismic
refraction models in the MSB where the P-wave velocities could be
used to estimate densities, so we used commonly accepted
Fig. 9. Two-dimensional (2D) forward gravity models showing the lithospheric structure beneath the Mekele Sedimentary Basin (MSB) along longitude 39 150 E (A) and latitude
13 150 N (B). See Fig. 6 for location of the models. In both (A) and (B) the upper panel is an idealized geological cross-section from the surface geology. The middle panel is the
observed Bouguer gravity anomaly from the World Gravity Map 2012 (WGM 2012) and the calculated one. The lower panel is the 2D lithospheric model with the best ﬁt between
the observed and calculated Bouguer gravity anomaly.
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from nearby seismic refraction experiments (e.g., Mackenzie et al.,
2005) for crustal andmantle lithologies. The P-wave velocities were
converted to densities using velocityddensity empirical relation-
ships (Nafe and Drake, 1957). We used a density of 2.5 gm/cm3 for
the sedimentary rocks within the MSB, 2.4 g/cm3 for the recent
sediment in the Afar Depression, 2.7 g/cm3 for the upper crust,
2.95 g/cm3 for the lower crust, 3.33 g/cm3 for the normal SCLM, and
3.1 g/cm3 for the metasomatised SCLM. Due to its location
bordering the highly extended and volcanically active Afar
Depression, maﬁc bodies intruding the MSB were incorporated in
the modeling using a density of 3.0 g/cm3. The above values were
used as starting values in the modeling. These density values were
varied iteratively in order to obtain a reasonable ﬁt between the
observed and calculated gravity anomalies (Fig. 10). The ﬁnal model
is shown in Fig. 9.
4. Results
4.1. Bouguer gravity anomaly analysis
The Bouguer gravity anomalies range between ~130 and e 110
mGal with the highest values occurring over the Afar Depression
(Fig. 6A) due to the thinner crust (Mickus et al., 2007). However,
despite the effect of the Afar Depression on the Bouguer gravity
anomalies, the MSB is characterized by a gravity minimum that
reaches in places ~ -110 mGal (Fig. 6A). The lowest amplitude
Bouguer gravity anomalies are generally conﬁned towhere theMSB
crops out (Fig. 6A). However, similar amplitude gravity minima are
observed outside the southwestern margin of the basin (Fig. 6A).
These might be due to the presence of outcrops of the Adigrat
Sandstone that are found to the southwest of the MSB (Fig. 3).
The upward continued Bouguer gravity anomaly map shows the
western part of the MSB to be characterized by a gravity minimum
reaching ~ -110 mGal (Fig. 6B). According to Jacobson (1987), the
source of the gravity signature obtained by upward continuing
5 km would be at or close to 2.5 km. This suggests that the upward
continued gravity signature, which shows a concentric pattern
(especially in the western part of the MSB away from the effect of
the Afar Depression) represent sources at ~2.5 km. Stratigraphic
studies have shown that the MSB is ﬁlled with ~2 km of sedimen-
tary rocks.
4.2. Gravity-derived Moho depths
Both Moho depth maps produced from the spectral analysis and
the 3D forward and inverse modeling of the Bouguer gravity
anomalies capture, in general terms, the thinning of the crust from
the west within the Northwestern Ethiopian Plateau towards the
Afar Depression in the east (Fig. 8A and B). Both maps show the
region to the southwest of the MSB with the thickest crust reaching
~40 km (Fig. 8A and B). Also, both maps show that the thinnest
crust is beneath the Afar Depression reaching ~20 km on average
(Fig. 8A and B). Additionally, the 3D forward and inverse modeling
results show that the MSB is underlain by a relatively thicker crust
approaching ~40 km and that this thicker crust extends to the north
of the MSB (Fig. 8B).
Seismic receiver function studies have imaged an abrupt
decrease of the depth toMoho beneath the Northwestern Ethiopian
Plateau where the MSB is located, from ~40 to ~20 km beneath the
Afar Depression (Hammond et al., 2011, 2013; Gallacher et al.,
2016). Using the spectral analysis, an average crustal thickness of
39 km was found at the western and southern margins of the MSB
(Fig. 8A). However, closer to the Afar Depression, the spectral
curves for some sub-regions did not indicate a clear linear slope forthe deeper layers possibly due to the crust being anomalously thin
and the crust of the Afar being petrologically complex containing a
number of recently active magmatic segments (e.g., Keir et al.,
2009). Therefore, we have systematically shifted the upper limit
of the middle slope towards a higher wavenumber in order to
capture these higher frequency features near areas where we have
a signiﬁcant lateral variation. This gave us a reasonable Moho depth
estimates expected from a highly extended region.
4.3. Results of the two-dimensional forward gravity modeling
The geologic cross sections constructed primarily from the
surface geology illustrate a geometry for the MSB that resembles a
saucer-shaped sedimentary basin (Fig. 4). However, the geometry
of the eastern boundary along the border with the Afar Depression
is complicated due to interaction with structures related to the
rifting event. In addition, multiple sills and dikes associated with
this rift are also widespread in the southern portion of the basin
creating a complex stratigraphic architecture as shown in the E-W
cross sections (Fig. 4).
The gravity model along the N-S proﬁle follows longitude 39
15’ E away from the Afar Depression (see Fig. 6A for location of the
proﬁle). At the southwestern edge of the MSB, the model has a
crustal thickness estimate of ~39 km determined from seismic
receiver functions (Fig. 8A; Hammond et al., 2011). Fig. 9A was
modeled with a relatively ﬂat Moho with no signiﬁcant thinning
beneath the center of the MSB.
The E-W trending model (Figs. 6A and 8B) is constrained by a
crustal thickness determined by a receiver function along its
eastern edge (Hammond et al., 2011). The model shows signiﬁcant
crustal thinning from the Northwestern Ethiopian plateau where it
reaches a thickness of ~40 km towards the Afar Depressionwhere it
is ~20 km thick (Fig. 9B). The model also required a less dense
(3.1 gm/cm3) SCLM in its eastern part (Fig. 9B) that is attributed to
possible hydrothermal alteration of the SCLM throughmetasomatic
processes due to rifting in the Afar Depression or higher temper-
atures related to the rifting that is seen in high Vp/Vs ratios in parts
of the Afar Depression (Stab et al., 2016).
The RMS error values for the N-S and E-W proﬁle is 2.8 and 3.2
mGal, respectively. We provided one example of our sensitivity
analysis on the E-W proﬁle (Fig. 9B), using density values of
2.3e2.6 g/cm3 for the sediment, 2.65e2.75 g/cm3 for the upper
crust, 2.9 to 3.0 for the lower crust, 3.05e3.15 g/cm3 for the altered
SCLM, and 3.25e3.4 g/cm3 for the SCLM (Fig. 10). The model has
high sensitivity to density variation for all units, except the lower
density limit and upper density limit of the sediment and SCLM,
respectively. A slight density change in other blocks, however, in-
troduces large errors. We found the smallest error (3.27) to be
associated with densities of 2.5 gm/cm3 for the sediment, 2.7 g/
cm3 for the upper crust, 2.95 g/cm3 for the lower crust, 3.33 g/cm3
for the normal SCLM, and 3.1 g/cm3 for the altered SCLM (Fig. 10).
5. Discussion
The interpretation of the MSB as an ICONS has important im-
plications for the formation and evolution of sedimentary basins
formed over similar settings. Below, we explore those implications
to the stratigraphic and structural evolution of the MSB, the nature
of lithospheric architecture, and possible subsidence mechanisms.
5.1. The Mekele Sedimentary Basin (MSB) as an Intra-CONtinental
Sag basin (ICONS)
Regardless of its smaller size compared to other ICONS world-
wide (Heine et al., 2008), the MSB possesses the diagnostic
Fig. 10. Density sensitivity analysis on the E-W two-dimensional (2D) forward gravity model shown in Fig. 9B by using different density values and calculating the associated Root
Mean Square Error (RMSE) for sediment (A), upper crust (B), lower crust (C), sub-continental lithospheric mantle (SCLM) (D), and altered SCLM (E).
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studies of the basin formation, as theMSB seems to have had a slow
subsidence history based on the long history of sedimentary
deposition. The oldest sedimentary rocks are Ordovician in age and
the youngest sedimentary rocks are Jurassic in age. Recent seismic
tomographic imaging using broadband seismic stations (Hammond
et al., 2013; Gallacher et al., 2016) have shown that the MSB occursclose to a broad region (~200 km radius) of high shear wave ve-
locities between 40 km and 132 km in depth that is distinctive from
the slower shear wave velocities within the Afar Depression. Also,
these faster shear wave velocities are distinctively faster than the
relative faster shear wave velocities beneath the Northwestern
Ethiopian Plateau (Fig. 11). These faster shear wave velocities are
particularly prominent in the southwestern half of the MSM and
Fig. 11. Shear wave velocity distribution beneath the Mekele Sedimentary Basin (MSB) and surroundings at 40e132 km depth showing the MSB is underlain by a broad zone of
faster shear wave velocity. From Gallacher et al. (2016).
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~100 km circular region (Fig. 11).
The MSB has been considered part of a multi-branched rift
system related to the breakup of Gondwana (Bosellini et al.,1997). Itis argued that it might be a NW-trending rift based on the presence
of NW-trending faults within the basin (Fig. 2A), especially, the
Wukro and the Fucea Mariam fault zones in the northeastern and
southwestern parts of theMSB, respectively. The fault zones appear
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“Mekele rift” (Fig. 2A). These structures seem to be extensional with
a minor strike-slip component. Intraplate stresses are thought to be
responsible for the development of widespread rifting in eastern
and central Africa (Bosworth, 1992). It was mentioned above that
the NW-trending faults cut through all formations including the
Cretaceous Amba Aradam Formation (Figs. 3 and 4) which we
interpret as a post-MSB sequence. Hence, these NW-trending faults
do not appear to control sedimentation and they were developed
after the formation of the MSB. Moreover, detailed examination of
the boundary between the Neoproterozoic crystalline basement
and the overlying Paleozoic Edaga Arbi Glacial sediment and the
Enticho Sandstone (the preserved formation within the MSB)
shows an angular unconformity relationship, especially in the
western part of the basinwhere there is less structural complexities
or faulting (Fig. 5). Thus, the contact between the Paleozoic sedi-
ment and the Neoproterozoic crystalline basement shows no
apparent signiﬁcant structural disturbance or faulting. Rather, in
most part of the basin and speciﬁcally along the western margins,
these sedimentary successions overlie the Neoproterozoic crystal-
line basement and gently dip eastward towards the center of the
basin. Additionally, the Antalo Limestone gradually thins towards
the western margin of the MSB before it completely disappears
being replaced by the older Adigrat Sandstone (Figs. 3 and 4). These
relationships show that the distribution of the clastic sedimentary
rocks is not entirely limited to the present day MSB, and hence the
Wukro and Fucea Mariam fault zones being the basin's border
faults might not be accurate. Furthermore, the N-S gravity model
also supports a concept of an ICONS underlain by a relatively ﬂat
Moho (Fig. 9A). Thus the extensive brittle deformation, which was
interpreted as a reactivation of a rift system as inferred from surface
geologic mapping, is not supported by crustal scale geometry.
Rather, the MSBmight have been part of a broader slowly subsiding
platform that may have been compartmentalized due to the
development of younger NW-trending fault belts.
5.2. Nature of the lithosphere beneath the MSB
The MSB is located above the Neoproterozoic accreted terranes
of northern Ethiopia which represent part of the Arabian-Nubian
Shield of northeastern Africa and western Saudi Arabia. The
shield is dominated by island arc/back arc basins, terranes and
micro-continents accreted together along sutures containing
ophiolites (Kr€oner et al., 1987; Stern, 1994; Abdelsalam and Stern,
1996; Fritz et al., 2013). These terrane accretions accompanied
the closure of the Mozambique Ocean, which was formed due to
the break-up of the supercontinent Rodinia.
The main feature of these accretionary orogens that are
important to our discussion is their lithospheric thickness. Many
studies have indicated that accretionary orogens had an initially
thin SCLM (e.g., Stern, 2002; Hyndman et al., 2005; Avigad and
Gvirtzman, 2009). There are a number of mechanisms that are
responsible for the creation of such a condition. One such mecha-
nism involves the thickening of the SCLM and subsequent delam-
ination due to gravitational instability (Avigad and Gvirtzman,
2009). The other and more plausible mechanism especially for
the MSB region assumes a thinner lithosphere to be part of the
nature of the accretionary orogens. The processes that are
responsible for the formation of the terranes in this setting favor
crustal growth but not the formation of a SCLM (Hyndman et al.,
2005). Following the termination of orogenesis, the SCLM will
start to cool and thicken to a ‘normal’ thickness, in a similar fashion
as a newly formed oceanic crust would cool and thicken. Cooling
and thickening of the SCLM is a major cause of post rift subsidence
in extensional basins (McKenzie, 1978) except that in accretionaryorogens where the thinner SCLM is not due to rifting. Various nu-
merical modelling and geochronologic studies suggest that it takes
about 250e300 Ma for an initially thin accretionary SCLM to reach
its normal thickness of 125 km (e.g. Holt et al., 2010). During this
period, the previously hot and light SCLM will become thicker and
denser hence, creating negative buoyancy and subsequent subsi-
dence. This mechanism has been attributed to account for the
regional long-term subsidence patterns of basins located over the
Neoproterozoic orogenic belt in North Africa and Arabia (Holt et al.,
2010, 2015). It is worth mentioning that almost all the 40Ar/39Ar
ages obtained from different minerals extracted from rocks of the
crystalline basement of Ethiopia cluster around ~540 Ma and this is
taken to indicate the beginning of cooling of the Arabian-Nubian
Shield juvenile SCLM (Stern et al., 2012).
5.3. Basin evolution and subsidence mechanism
Based on the above gravity models and the sedimentary se-
quences, a thickening and cooling of a juvenile SCLM beneath the
Arabian-Nubian Shield is a plausible mechanism for the formation
of the MSB similar to the model of Holt et al. (2010, 2015) for
sedimentary basins within accretionary terranes in North Africa
and Arabia. Such a mechanism would have likely created a thick
SCLM, and the subsidence would have been caused by the negative
buoyancy created due to the SCLM's cooling and thickening.
Seismic tomography images a circular to elliptical high velocity P-
and S-wave anomaly beneath the MSB (Hammond et al., 2013) and
this may correspond to a SCLM layer beneath the basin and the
immediate region under the basin that is thicker and colder than
the surrounding region (Fig. 11). It is clear that this seismic anomaly
mimics the surface and shallow subsurface geologic features that
we interpret as indicative of geologic and geophysical characteris-
tics of ICONS. However, there are still questions regarding how long
this mechanism could sustain subsidence, which may be as long as
300Ma for thinner lithospheres of approximately 50 km to reach to
a ‘normal thickness’ of 125 km (Holt et al., 2010). In addition, given
the size of the MSB, which is small compared to other ICONS, how
broad and large lithospheric scale processes would affect such a
small area requires further analysis.
To try to answer why such a small area could form an ICONS, the
subsidence model of Holt et al. (2010) was modiﬁed to accommo-
date the stratigraphic and structural features of the MSB. Accord-
ingly, we classiﬁed the developmental history of the MSB into three
phases (Fig. 12).
(1) Pre sag phase: This phase represents the time just after the
formation of the Arabian-Nubian Shield in which most of the
process was dominated by simultaneous peneplanation and
exhumation of a just assembled continental lithosphere.
Geomorphologic data show extensive erosion and penepla-
nation of the region (Coltorti et al., 2007) creating a smooth
ﬂat topography still preserved between the Paleozoic sedi-
mentary rocks and the Precambrian crystalline basement
rocks.
(2) Sag phase: this phase represents the major subsidence and
sediment accumulation that shaped the MSB. Sedimento-
logical evidence shows marine deposition indicates that the
region, including the MSB may have been near sea level
during the Ordovician time (Bussert and Dawit, 2009).
Initially, deposition was extensive and occurred within N-S
oriented linear valleys possibly between basement highs.
Subsidence was facilitated by the cooling and thickening of
the SCLM that may have continued until the Jurassic during
the Gondwana breakup. Thermochronology and structural
data also show that the area remained undisturbed until the
Fig. 12. Lithospheric cooling model for the Mekele Sedimentary Basin (MSB) showing pre-sag phase, sag phase and post-sag phase. The concept is adapted from Holt et al. (2010).
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Mesozoic units (Enticho, Edaga Arbi and Adigrat Sandstone)
are not localized to the MSB and have been reported
throughout the region, forming a widespread basal blanket
of clastic sedimentary rocks. A signiﬁcant regional and
possibly local tectonic disturbance in the region happened
during the Jurassic that is related to the breakup of Gond-
wana. During this time, far ﬁeld stresses associated with
extensive rifting and continental breakup across the conti-
nent may have created a marked, perhaps localized tectonic
disturbance within the MSB, which in turn, may have com-
partmentalized sedimentation. This is followed by deposi-
tion of the Antalo Limestone and Agula Shale, due to marine
transgression and regression.
(3) Post-sag phase: This period represents the time following
the deposition of the Agula Shale, which represents the
withdrawal of the Jurassic sea (Bosellini et al., 1997) and this
was followed by the deposition of the Amba Aradam
Formation.
6. Conclusions
The Mekele Sedimentary Basin in northern Ethiopia waspreviously interpreted as a fossil rift that developed in relation to
the disintegration of Gondwana. Instead, our study revealed, in
contrast to rifts, the MSB shows circular to elliptical shape in map
view, terrestrial-shallow sedimentary saucer shaped cross section,
angular unconformity between Paleozoic e Mesozoic unit and
Precambrian crystalline rocks whereby most sedimentary units are
shown gently dipping to the center of the basin. In addition our
combined analysis shows a gravity minima at the center of the
basin accompanied by a ‘normal crustal thickness’ in parts of the
basin away from the inﬂuence of the Afar tectonics. The basin is also
partly underlain by a lithospheric fabric that shows a relatively
faster seismic velocity signature which we interpreted to be a cold
and thicker SCLM. These geological and geophysical features of the
MSB are unique features of ICONS, especially those formed over an
accretionary terrane. Such basins are abundantly found in the
North African and the Arabian platform and are characterized by a
very subdued topographic expression due to their formation far
away from the active deformation regions. Hence, our under-
standing about their formation and evolution comes from indirect
methods such as numerical and geophysical modelling.
The MSB is completely exhumed and exposed on the surface,
not because it's Paleozoic e Mesozoic history is related to
T. Alemu et al. / Journal of African Earth Sciences 143 (2018) 40e58 57extensional tectonics, we shall argue, but due to Cenozoic uplift of
the Ethiopian plateau and its present location at the western ﬂank
of the Afar Depression. The Cenozoic tectonomagmatic processes
also resulted in structural modiﬁcation especially in the eastern
portion of the basin. Despite these complexities, we have consid-
erable observational evidence that architecture of the Paleozoic e
Mesozoic features of the MSB are vastly preserved. Based on these
ICONS features, we suggest a new subsidence mechanism pre-
dominantly responsible for the formation of the MSB. Accordingly,
given the fact that the MSB is located over the Neoproterozoic
terrane of the Arabian Nubian Shield, we propose, origin of its
subsidence could be related to cooling and thickening of this ju-
venile sub-continental lithospheric mantle, not rifting as previously
stated.
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